Since the 1850s, some the world's leading coal-producing countries including Poland, Russia, the UK, Germany, Japan and Canada have investigated the deformation and failure mechanisms of the strata overlying coal mines, when extraction has taken place beneath water bodies. In the UK, Japan and Canada, undersea coal mining began in 1857, 1863 and 1874 respectively. In Nova Scotia, Canada, undersea mining regulations were established by the Canadian mining industry to stipulate the mining methods (Cui et al. 1997; Chen & Li 2010) . When the mining depth to extraction thickness ratio exceeds 100 longwall or sublevel caving may be used. However, if this ratio is less than 100 partial extraction, using the room and pillar method, is recommended (Gu & Shen 1973) . The depth at which coal located beneath water bodies should be mined by partial extraction varies from 46 m in Australia to 93 m in Japan (Table 2 ). In Japan, there have been five recorded incidents where seawater has flowed into coal mines. The most serious resulted in 10 deaths and 30 injuries (Cui 2008) . China became the sixth country to allow coal mining below the sea bed (after the UK, Australia, Chile, Japan and Canada). This took place at the Longkou Mining Bureau's Beizao mine, located in Shandong province (Cui 2008) .
Since the 1960s, China has successfully mined coal situated beneath water bodies such as aquifers, flooded mine workings, and large rivers such as the Huaihe, Taizihe, Xiaowenhe, Puhe and Mianhe. As a result, there now exists in China improved knowledge and experience of coal mining beneath such water bodies and the associated failure of the overlying rock mass (Wang et al. 2010; Hu & Zhao 2011; Zhang 2011) . Investigations have used empirical equations (State Bureau of Coal Industry 2000), in situ observations and monitoring (Hatherly et al. 1995; Cheng et al. 2001; Han et al. 2001; Song 2007; Cui 2008 ), physical models (Hu et al. 2003; Gao et al. 2004 ) and numerical modelling (Bower & Zyvoloski 1997; Rutqvist et al. 2002; Minkoff et al. 2003) . The use of empirical equations is considered to be subjective and not suitable for calculating the extent of water flow through fractured strata. In situ monitoring has limitations, as it can provide specific observations for only selected parts of a mine. Physical modelling also has limitations, as this method cannot consider the complex rock mass discontinuities that may often prevail in Coal Measures strata. An alternative approach for the investigation of fracture development above coal mines may be the application of numerical modelling. The increasing development of computer technology has allowed numerical modelling to become a useful technique for the investigation Numerical modelling of fractures induced by coal mining beneath reservoirs and aquifers in China of rock mass deformation and fracture zone development. Numerical simulation is a method used to calculate and analyse the mechanical properties of strata. This method requires the establishment of boundary conditions and empirical equations, which can simulate the in situ rock mass behaviour. In recent years, several types of commercial software have been applied to the investigation of permeability and rock mass fractures (Wu et al. 2009 ). However, the results of these models have been influenced by variations in the judgements used to determine geotechnical parameters and the geometry of the fracture zone induced above mining voids. Such variations have caused discrepancies between the results of in situ observations and modelling.
Numerical simulation by using FLAC-2D and ANSYS-2D 
Mechanical parameters
The mechanical properties for the strata at Shenjiazhuang Colliery were interpolated from parameters obtained for the nearby Huangsha Colliery, located in the same coal basin (Table 3 ) (Wu et al. 2004 (Wu et al. , 2007 (Wu et al. , 2009 ).
Model calculation
The boundary of the model used to analyse the changes in stress and strain of the strata overlying the coal mine had a representative cross-section of 1750 m and a depth of 560 m; it was subdivided into 37500 elements and was cubic in shape. The model considered the worst-case scenario when the Yuecheng reservoir was at maximum capacity. Considering the geostatic stress of the rock mass and the water loading of the reservoir at its highest level (159.1 m), a vertical stress of 0.2 MPa was applied to the model. The base of the model was fixed to restrict displacement in two directions and rotation in the horizontal plane. The lateral sides were also fixed to restrict rotation in this plane and horizontal displacement, but vertical movement was allowed.
Simulation results using FLAC-2D
Immediately following the cutting of coal and the removal and advancement of the roof supports, movement and deformation of the roof rocks begins as the strata cave, and propagates upwards. These areas of deformation have been divided into three distinct zones based on the intensity of deformation, known as the caving zone, the fracture zone and the subsidence zone ( Fig. 3 ) (Peng & Meng 2002) . The caving zone includes roof and overlying rocks that fall into the void created by mining following the advancement of the roof supports. The rocks are characterized by their irregularity, variable sizes, high void ratios and low density. The strata in the caved zone may have enhanced permeability. Roof strata tend to be exposed to the greatest amount of deformation, including dilation and bending caused by large incremental strain accumulations. Therefore this may permit any groundwater to flow into the mine workings. The fracture zone is located above the caved zone. Here, the strata maintain a higher degree of integrity and layering, although any original stratification may be disrupted by subvertical fissures and the dilation of joints and bedding planes. The characteristic geometry of this zone displays an increased density of fractures located closer to the caved zone with fracture attenuation occurring with increasing height.
The subsidence zone includes the rock mass from the uppermost limits of the fracture zone to the ground surface. The strata in this zone experience the maximum subsidence above the centre of the mine workings, with the ground movements spreading outwards from the area of extraction.
The caved and fracture zones are referred to collectively as the permeable fracture zone, and this is significant during mining owing to the increased porosity and permeability. If the permeable fracture zone propagates to intersect the base of a reservoir, aquifer or flooded mine workings, this may cause a rapid inflow of water, via the induced fracture network, into the active mine workings. If the amount of water flowing into the mine cannot be managed by drainage or pumping, this may cause flooding. The development of a permeable fracture zone at Shenjiazhuang Colliery, which has been modelled using FLAC-2D, is shown in Figure 4 . The plastic zone is divided into three distinct areas comprising a shear stress zone (shown in red), an initial stress zone (shown in green) and a tensile stress zone (shown in purple).[Helen: NB -colour mentioned here] According to the characteristics of the permeable fracture zone, the strata in this zone are likely to be in a state of tension and the tensile stresses in the overlying strata correspond to the geometry of the permeable fracture zone. The results from the FLAC-2D model show that the largest concentration of tensile stresses occurs near the uppermost, right side of the model, which corresponds to a maximum height of 100 m above the roof of the mine.
Simulation analysis using ANSYS-2D
For the ANSYS-2D simulation, the mechanical properties, boundary conditions and loading conditions were consistent with the above model. The simulated strain distributions of the overlying rock mass immediately following the excavation of coal seams are shown in Figure 5 . Generally, strains greater than 3% may be considered as 'large' deformation, whereas strains less than 1% may be regarded as 'small' deformation. Strain values ranging between 1 and 3% are generally regarded as 'medium' deformation. The model shows that the maximum height of large strain increments in the permeable fracture zone reaches 20-60 m above the roof of the mine (Table 4) .
Numerical simulations by using FLAC-3D
The study area
The Liuhe Industry Limited Company (hereinafter referred to as the 'Liuhe Company') located in Ci County, Hebei Province, operates a state-owned coal mine at the town of Guanta, situated on the south bank of the Yuecheng Reservoir (Fig. 1) . The parameters were obtained from the results of back analysis, which used the results of underwater topographic survey before and after excavation of the colliery. Fig. 3 . Schematic cross-section showing the failure characteristics following coal extraction: 1, irregular caved zone; 2, regular caved zone; 3, intensive fracture zone; 4, general fracture zone; 5, microfracture zone; 6, caved zone; 7, fracture zone; 8, subsidence trough; 9, destructive area (permeable fracture zone); 10, non-destructive area.
Mechanical parameters and calculations
The geological conditions and mechanical properties at the stateowned coal mine of the Liuhe Company are similar to those described above for Shenjiazhuang Colliery (Table 3) . The model developed was 5500 m wide, 1300 m deep and 10300 m long, and it was subdivided into 48400 elements. The loading conditions and boundary conditions were consistent with those used for Shenjiazhuang Colliery.
Simulation results using FLAC-3D
Following the excavation of the coal seams, the results of the model for the displacement vectors and calculated strain increment in the overlying rock mass are provided in Figure 6 and Figure 7 , respectively. The zone with large strain increments in the overlying rock mass is curved. In areas where the curvature is large, the deformation of the rock mass is also large, and tensile fissures at right angles to the bedding plane can easily develop. In this model, the maximum height of the permeable fracture zone is 85 m. 
Comparison of field observations and empirical calculations at Shenjiazhuang
From 1987 to 1989, the maximum height of the permeable fracture zone was measured at two locations at Shenjiazhuang Colliery. This was achieved by observations of drilling fluid losses from boreholes and was shown to be 42.3 and 50.5 m above the roof of the coal seam (Fig. 8) . In October 2002, further observations were made at three drilling sites and the height of the permeable fracture zone was measured at 63.6, 42.1 and 52.1 m. These observations were made using double-ended bulkhead equipment and inclined drilling during fully mechanized sublevel caving. The results of water quality analysis during sublevel caving showed minewater compositions to vary from Na-HCO 3 type in the VII and VIII 1 bedrock aquifers to Ca-Na-HCO 3 type in the overlying VIII 2 aquifer. The groundwater discharges observed flowing into the mine were Na-HCO 3 type. Therefore, we can infer that the height of the permeable fracture zone reached the VII and VIII 1 aquifers, but not the VIII 2 aquifer. According to the drilling results the distances from the VIII 1 and VIII 2 aquifers to the roof of the No. 2 coal seam were 43 m and 81 m, respectively, and the thickness of the VIII 1 aquifer was 5 m. The height of the permeable fracture zone ranges between 48 and 81 m, as shown in Figure 9 .
Two formulae for calculating the development height of the permeable fracture zone have been provided by the State Bureau of Coal Industry (2000), as follows: 100 5.6 1.6 3.6
where ΣM is the total thickness of the coal seam. Using these two equations, the height of the water flow fracture zone was calculated to be 46.3 m and 51.0 m, respectively. The results listed above show that during mining, the maximum height of the permeable fracture zone was calculated to be 58.5 m, whereas during fully mechanized sublevel caving the maximum height of the permeable fracture zone was found to be 81 m using water quality analysis and 100 m using FLAC-2D simulation models.
Comparison of field observations and empirical calculations at Liuhe
In September 1998, the maximum height of the permeable fracture zone was measured at two sites at Lihue by the monitoring of drilling fluid losses and the maximum height was found to be 54.0 m. Furthermore, the results of water quality analysis showed that the height of the permeable fracture zone ranged between 52.6 and 84.2 m during fully mechanized sublevel caving. The height of the permeable fracture zone was calculated to be 46.3 m and 51.0 m, respectively, according to the two formulae set out by the State Bureau of Coal Industry (2000) .
The results showed that during longwall mining the maximum height of the permeable fracture zone was calculated to be 65.8 m, whereas during fully mechanized sublevel caving and by the analysis of water quality the maximum height of the permeable fracture zone was found to be 84.2 m and 85 m respectively using FLAC-3D simulation.
Analysis of the numerical simulation results
The results from the drilling observations, the analysis of the chemical composition of mine water and numerical modelling have shown that the maximum height of the permeable fracture zone is largest when using FLAC-2D and FLAC-3D. The reasons for these findings are as follows.
(1) Sublevel caving has a greater zone of influence on the overlying strata compared with longwall mining, which has also been verified by in situ drilling observations. (2) The modelling and calculations assume that total extraction has taken place. However, any support pillars used in practice may also influence the height of the permeable fracture zone. (3) The numerical simulation results from FLAC-2D and FLAC-3D are applicable when all of the coal seams are mined. However, the in situ observations were conducted when only some of the coal seams had been extracted. (4) The boundary conditions for the 3D model are more complicated than those of the 2D model and therefore the simulated height of the permeable fracture zone may be larger when using FLAC-2D rather than FLAC-3D.
The results of the three methods demonstrate that numerical simulation is a useful way to simulate the height of the permeable fracture zones. In ANSYS-2D, the permeable fracture zone is calculated from the principal strain, whereas FLAC-2D uses the range of plastic zones and FLAC-3D utilizes the strain increment (curvature).
Conclusions
The permeable fracture zone in the strata overlying a coal mine is considered in this paper to be represented by the caved zone and the fracture zone. Both of these zones underlie the subsidence zone and may have enhanced porosity and permeability. When coal is mined beneath reservoirs, aquifers or flooded abandoned mine workings this increased permeability may initiate or exacerbate the flow of groundwater into underlying mine workings. It is therefore desirable to determine the geometry of the permeable fracture zone and in particular the height above the roof of a mine to which the fractures may migrate. To calculate the height of the permeable fracture zone numerical modelling was used. ANSYS-2D uses principal strains, FLAC-2D uses plasticity zone and FLAC-3D uses strain increments. The model parameters chosen were based on extrapolation from similar geological and mining settings. In general, the results bear a similarity to the observations of the height of the permeable fracture zone that was determined based on borehole monitoring and the loss of drilling fluids into fractured strata. Therefore, a combination of numerical analysis with drilling observations provides a method to determine the height of the permeable fracture zone above coal mines in China. It is recommended that when mining takes place beneath reservoirs, aquifers, flooded workings, rivers or the sea a combination of numerical modelling and field testing may assist in determining the height on the permeable fracture zone.
